Background: Statin use before surgery has been associated with reduced morbidity and mortality after vascular surgery. The effect of preoperative statin use on stroke and encephalopathy after coronary artery bypass grafting (CABG) is unclear.
Preoperative use of HMG-CoA reductase inhibitors (statins) may reduce the incidence of stroke after vascular procedures like arterial bypass 11, 12 and carotid endarterectomy. 13, 14 This benefit may be conferred by both cholesterol lowering and pleiotropic effects on plaque stability, endothelial function, oxidative stress, and tissue reperfusion. 15, 16 In clinical trials, statins reduce the incidence of stroke among patients with risk factors for atherosclerosis, 17 which includes the majority of CABG patients. In addition, aggressive cholesterol lowering after CABG has been shown to decrease the long-term incidence of stroke. 18 Observational studies of acute morbidity among patients using statins prior to CABG, however, have yielded conflicting results. [19] [20] [21] [22] [23] Based on these data, we hypothesized that statin use prior to CABG would be associated with a lower incidence of acute postoperative stroke and encephalopathy.
METHODS Using a post hoc analysis of a prospectively collected database including a cohort of consecutive patients undergoing isolated CABG, we tested for an association between statin use and the incidence of stroke and encephalopathy (primary outcome). Secondary outcomes included postoperative myocardial infarction (MI), cardiovascular mortality, and hospital length of stay. Data collection and analyses were undertaken with the approval of The Johns Hopkins University Institutional Review Board. Between 1997 and 2007, all patients undergoing isolated CABG at the Johns Hopkins Hospital in Baltimore, MD, were followed for development of postoperative neurologic deficits during the hospitalization as part of an institutional data-base. Inclusion criteria were age Ͼ18 years and isolated CABG surgery. No adult patients were excluded from the database. Data collection. The database was designed to determine the incidence of neurologic complications after CABG and included the following prospectively collected data: demographic information, medical history and comorbidities, preadmission medication use, and intraoperative data including duration of cardiopulmonary bypass. Specific brands and dosages of preoperative medications were recorded in the database, but the duration of use prior to surgery was not available. Data were collected at the time of inclusion by direct interview or extraction from the medical record. Subjects with missing data for statin use were not included in the analysis. Postoperative outcomes included ischemic stroke, encephalopathy, MI, cardiovascular mortality, and length of stay. Cardiovascular mortality was defined as death attributable to cardiac arrhythmia, MI, ischemic stroke, cardiogenic shock, or sudden cardiac death during the hospitalization.
Neurologic consultation was requested in patients with postoperative neurologic deficits. All patients with stroke were evaluated by a board-certified neurologist with subspecialty training in vascular neurology. Stroke outcomes were diagnosed by the neurologist according to the presence of a new, focal neurologic deficit consistent with stroke. MRI or CT were considered supportive evidence and were obtained at the discretion of the primary and consulting services. Encephalopathy outcomes included seizures, decreased level of arousal, delirium, or mental status change at any point between 24 hours after CABG and hospital discharge. Encephalopathy was diagnosed by an independent research coordinator who followed patients during the hospital stay, interviewed medical providers, and reviewed records on a daily basis. Many patients with encephalopathy also had formal consultation by a board-certified neurologist. The stroke and encephalopathy outcomes were mutually exclusive.
Baseline variables were shared with an institutional quality assurance database that is submitted to the national Society of Thoracic Surgery data center. The database was routinely audited for double entries, typographic errors, and missing data at the time of submission to the national data center. In addition,
Figure
Frequency of preoperative statin medication use during the study time period the neurologic outcome data were audited at the end of every year to test for accuracy of diagnoses. Finally, all stroke outcomes were audited in preparation for this analysis. Variables that were associated with statin use ( p Ͻ 0.2) were applied to construct a propensity score model for statin use with STATA version 10 (StataCorp, College Station, TX). These variables included hyperlipidemia, total preoperative cholesterol level, current tobacco use, aspirin use, angiotensin converting enzyme (ACE) inhibitor use, angiotensin II receptor blocker (ARB) use, ␤-blocker use, and prior percutaneous coronary intervention (PCI). The propensity score model also included known risk factors for statin use (age and year of surgery) and the number of cardiac medications (aspirin, clopidogrel, ␤-blockers, ACE inhibitors, and ARBs) as an indicator variable of healthcare access. The year of surgery factor included a knot at 2001, because statin use increased after 2001 in the dataset as shown the in figure. Using the propensity score, all patients were separated into quintiles of propensity for statin use. Stroke risk factors were then tested for balance between statin users and nonusers within each quintile. Based on residual imbalances in stroke risk factors, the following variables were added to the propensity score model: preoperative atrial fibrillation, hypertension, cardiopulmonary bypass use during CABG, and duration of cardiopulmonary bypass.
The odds ratio (OR) of stroke and encephalopathy (primary outcome measure) was determined for statin users compared to nonusers averaged among the quintiles of propensity for statin use. The OR was also determined using an average of quintiles 2-4 in order to eliminate potential bias from outliers in the extreme quintiles. The average ORs for stroke, encephalopathy, cardiovascular mortality, MI, and length of hospital stay were then computed as secondary outcome measures. Alpha Ͻ0.05 was selected to consider differences significant.
Sample size estimates.
In a prior study of stroke after CABG, 24 the incidence of stroke among statin users was 0.88% (4/455) compared to 3.10% (11/355) among nonusers. Applying these estimates to sample size calculations, the inclusion of 854 subjects in each group (statin users vs nonusers) would provide 95% power to detect a significant difference in the incidence of stroke with an alpha value of 0.05. A similar treatment effect was found in a prior study of stroke after carotid endarterectomy. 14 Given these estimates, the inclusion of Ͼ2,000 subjects in each group should be sufficient to determine a significant difference in stroke incidence even if the treatment effect is smaller than previously reported.
RESULTS
The database included 5,121 patients who underwent isolated CABG over 10 years. The baseline characteristics of the study population are shown in table 1. Statin use increased during the 10-year study period (figure). Overall, 2,788 (54%) patients were taking statin medications before surgery. Characteristics of statin users and nonusers are compared in table 2. On average, statin users were younger, used more antihypertensive and antiplatelet medications, were less likely to have had previous percutaneous coronary intervention, and had a higher prevalence of diagnosed hypercholesterolemia, atrial fibrillation, and hypertension. In addition, statin users had a lower duration of cardiopulmonary bypass and were more likely to have off-pump surgery.
Stroke occurred in 166 (3.2%) and encephalopathy in 438 (8.6%) patients, contributing to 604 patients (11.8%) who achieved the primary endpoint. All-cause in-hospital death occurred in 132 patients Variables used to construct the propensity score model are described in Methods. Addition of unbalanced stroke risk factors into the propensity score model resulted in good balance between most risk factors within each quintile (table 3) . Because some residual imbalances were noted in the extreme quintiles, the outcome ORs were determined both as av-erages of all 5 quintiles and limited to quintiles 2-4 (n ϭ 2,993) in order to limit potential bias introduced by outliers.
The propensity score-adjusted OR of combined stroke and encephalopathy in statin users was 0.958 (95% CI 0.784 -1.170, p ϭ 0.674) averaged across all 5 quintiles. When the analysis was limited to quintiles 2-4, the OR was similar (1.189, 95% CI 0.922-1.534, p ϭ 0.182). The ORs of the individual secondary outcomes also did not show significant treatment effects of statin use (table 4) .
DISCUSSION Several previous reports have identified preoperative statin use as beneficial in lowering the incidence of post-CABG complications. We hypothesized that this would be the case for neurologic morbidity in the postoperative period. However, after adjustment for imbalances in stroke risk factors among statin users and nonusers, we found that preoperative statin use does not decrease the odds of stroke and encephalopathy after CABG. The ORs of other postoperative outcomes including MI, cardiovascular death, and length of hospital stay were similarly unaffected by statin use.
These findings contrast with several studies of statin use prior to arterial bypass surgery, 11, 12 carotid endarterectomy, 13, 14 and other noncardiac vascular surgical procedures. [25] [26] [27] Using a similar study design, statin use prior to carotid endarterectomy was associated with a threefold reduction in the incidence of postoperative stroke. 14 The benefit of statins for stroke risk in these populations has been attributed to direct effects on serum cholesterol concentration and plaque stability as well as a number of "pleiotropic" effects on endothelial function, oxidative stress, and tissue reperfusion. 15 Because surgical manipulation of the aorta or carotid artery may cause stroke from embolization of atherosclerotic plaque, statins could potentially reduce stroke by reducing atherosclerotic burden and stabilizing plaque. 28 The mechanisms of stroke after CABG likely differ from noncardiac vascular surgical procedures. Cardiopulmonary bypass may result in stroke by systemic hypotension and diffuse embolization of fibrin or gaseous material as demonstrated by transcranial Doppler ultrasonography. 29, 30 The majority of strokes are recognized within 48 hours of surgery. 1, 2, 30 Although statin use is unlikely to protect against hypotension or acute embolization from cardiopulmonary bypass, patients undergoing CABG are at risk for other common mechanisms of ischemic stroke related to intracranial and extracranial atherosclerosis. 30 While some reports have indicated that statins are associated with a reduced incidence of atrial fibrillation after CABG, 31 it has not been clearly shown that atrial fibrillation is a significant cause of stroke postoperatively, especially when most strokes are identified early. Prior observational studies have yielded conflicting results on the impact of pre-CABG statin use on the incidence of postoperative stroke, mortality, MI, and atrial fibrillation. 22, 24, [32] [33] [34] One study 20 reported a 30% reduction in morbidity and 50% reduction in mortality among patients taking statins prior to a variety of cardiac surgical procedures. In a study of patients undergoing isolated CABG with cardiopulmonary bypass, the investigators 21 reported a 50% reduction in 30-day mortality among patients using statins preoperatively but no reduction in the rates of stroke or MI. Using a similar design to the present study, another group investigated the influence of preoperative statin use on the incidence of death, atrial fibrillation, stroke, and other outcome measures using a database of 2,497 patients. 23 Patients receiving statins had a similar incidence of adverse outcomes compared to those not on statins. The authors reported a low incidence of postoperative stroke (1.1%, n ϭ 28) which was also similar between the 2 groups. These results support the findings of earlier studies. 35, 36 The true incidence of stroke after CABG is likely underestimated for several reasons. Because post-CABG stroke is more likely to be caused by embolization and relative hypotension during cardiopulmonary bypass, 6, 8, 10 most patients develop multiple strokes in arterial watershed territories. 6 Multiple small infarcts are more likely to present with global encephalopathy rather than a focal neurologic deficit. 6 For this reason, global deficits may be attributed to postoperative delirium and neither neurologic consultation nor imaging are undertaken. In addition, many patients do not undergo diffusion-weighted MRI after CABG because the use of temporary pacer wires, implantable pacer/defibrillators, or aortic balloon counterpulsation devices precludes MRI. 6 Because post-CABG strokes are often small, multiple, and distributed in watershed territories, they may be indistinguishable from chronic ischemic white matter changes on noncontrast head CT studies.
The combined endpoint of stroke and encephalopathy was chosen in the present study to maximize the chances of capturing all patients with ischemic neurologic deficits. Although postoperative encephalopathy is often multifactorial, risk factors for post-CABG stroke and encephalopathy significantly overlap. 1 Similar to stroke, post-CABG encephalopathy increases the length of hospital stay, morbidity, mortality, and discharge to a nursing facility. 1, 7 In addition, studies of routine diffusion-weighted MRI after CABG demonstrate a high incidence of clinically unsuspected stroke among patients with postoperative encephalopathy. 3, 10 Together, these factors suggest that stroke and encephalopathy lie on a spectrum of ischemic injury after CABG.
This study has some important limitations. As this was not a randomized, controlled trial, it is possible that patients who were taking statins prior to CABG had significant differences in access to health care, medical comorbidities, and other factors compared to those not taking statins. We identified risk factors for statin use and used a propensity score model to separate patients into quintiles of propensity for statin use. We achieved balance among most stroke risk factors within each quintile, although some factors remained unbalanced in the extreme quintiles. Outcomes were not significantly different when quintiles 1 and 5 were removed from the analysis. Despite this cautious design, it is possible that unrecorded factors that influence statin use were not included in the database or the statistical model.
Another important limitation is that the duration of statin use before surgery was not known. The optimal duration of statin use for plaque stabilization is unknown. 28 If a preponderance of patients were on statins short term before surgery, it could potentially weaken the statistical power to detect differences between the groups. Although the agent and dosage of statin medications were recorded, we did not analyze the effect of statin potency or dosage on outcomes because of relatively small numbers in each subgroup. Other than factors associated with cardiopulmonary bypass, potentially important intraoperative variables such as blood pressure or surgical technique were not collected. Although these variables could influence stroke outcomes, there is no obvious reason why systematic differences would exist between statin users and nonusers.
In an ideal study, all patients would undergo detailed preoperative and postoperative neurologic assessments to minimize ascertainment bias. Given the large number of patients included, the cost of under-taking this design would be prohibitive for an observational cohort study. This study was designed to maximize the probability of capturing all patients with ischemic neurologic injury after CABG. To be as inclusive as possible, we included all patients with stroke and encephalopathy in the primary endpoint. A trained researcher screened every patient for encephalopathy and stroke on a daily basis. All patients with stroke and many patients with encephalopathy were also evaluated by a board-certified neurologist with subspecialty training in vascular neurology. Although the study was designed to minimize ascertainment bias, some residual bias is possible because subtle cases of encephalopathy-which could represent stroke-may have been overlooked.
Another limitation of the database is that proximate causes of encephalopathy were not prospectively identified. In a previous publication, however, the incidence of acute renal failure, infection, and oversedation were considered to be low and most cases of encephalopathy did not have an obvious precipitant. 1 A retrospective attempt to determine underlying causes of encephalopathy by chart review would likely introduce errors resulting in underestimation of ischemic neurologic injury. Although the data undoubtedly include patients with nonischemic etiologies of encephalopathy, there is no reason to suspect that such patients would be systematically overrepresented according to prior statin use.
Because ischemic complications of CABG are usually symptomatic in the early postoperative period, this study focused on the acute incidence of stroke and encephalopathy during the hospitalization. Although statins were not found to be protective against these short-term outcomes, this study was not designed to test whether long-term functional, cognitive, or quality-of-life measures were affected by statin use. The absence of long-term follow-up data from these patients is another important limitation of this study.
A randomized, placebo-controlled trial would be required to definitively determine whether preoperative statin use reduces stroke after CABG. Such a trial is unlikely to occur for several reasons. Given the compelling evidence for secondary prevention of cardiovascular morbidity and mortality, most patients undergoing CABG have definite indications for statins. 37 Randomizing such patients to placebo would, therefore, be ethically challenging. A trial would also potentially involve delaying CABG for the initiation of statins. Given the negative results of this study and others, it does not seem justifiable to delay a potentially life-saving procedure to initiate statins. 
